We report here that a Permalloy layer deposited on top of a multiferroic BiFeO 3 single crystal acquires an easy magnetic direction along the propagation vector of the cycloidal arrangement of antiferromagnetic moments in BiFeO 3 . This anisotropy originates from a direct magnetic coupling with the canted spins forming the cycloid. Moreover, we show that an electric field-induced change of electric polarization is able to toggle the direction of anisotropy in the ferromagnet through the magnetoelectric effect, which links the antiferromagnetic spins to the local polarization in BiFeO 3 .
The bifunctionality of the multiferroic materials [1, 2] , which present simultaneous ferroelectric (FE) and magnetic orders is a property of great interest for designing potential devices, particularly in spintronics and magnetic data storage. Indeed, controlling the magnetization of a ferromagnetic (FM) layer with electric fields via the interaction called ''magnetoelectric coupling'' may lead to the conception of electrically addressable magnetic memories. Unfortunately, very few materials possess simultaneously an electrical polarization and a net magnetization. Instead, most multiferroics are antiferromagnetic (AF) ferroelectrics where the two orders are coupled, which is the case in the only material (and its substituted derivatives) showing multiferroicity at room temperature: BiFeO 3 (BFO). This compound is noncentrosymmetric with a rhombohedric distortion (a ¼ 3:96 A and ¼ 89:4 , space group R3c) and it orders electrically below T C ¼ 1143 K [3] and antiferromagnetically (G type) below T N ¼ 643 K. Magnetoelectric coupling induces a local spin canting of the Fe 3þ moments which order forming a long-range cycloid leading to zero total magnetization [4] . The antiferromagnetic and polarization vectors are linked and the magnetic moments have to rotate in a plane containing the direction of polarization,P S , (along the [111] direction) and the cycloidal propagation vector [4] . Because of the rhombohedral symmetry, there are three equivalent directions for the cycloid in a domain of polarization along [111] , which areq 1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ,q 2 , andq 3 [0-11] . It is also known that in thin film form BFO changes drastically because the cycloid becomes unstable and a small global magnetization is recovered [5] .
In order to electrically control a net magnetic moment, one can deposit a FM layer on top of BFO and use the exchange coupling at the interface between antiferromagnetic and FM bilayers [6, 7] . This magnetic coupling has provided, since its discovery [8] , an important challenge to the understanding of interfaces between magnetic materials. Its most visible experimental signature is a shift, or ''bias,'' of magnetization hysteresis loops, which depends on magnetic history (via, e.g., field cooling through the AF ordering temperature). In most cases, the FM coercivity is also enhanced and easy and hard directions can be induced. Overwhelming literature has emerged in which various mechanisms for this exchange bias and related effects have been proposed, debated, and tested (see, e.g., [9] ). It has also been shown that an exchange coupling exists in BFO=CoFeB bilayers [10, 11] and preliminary experiments have even revealed the possibility to locally control ferromagnetism with an electric field using BiFeO 3 as the multiferroic layer [7] . It is not clear where the bias fields come from but they may originate from the weak canting (due to the magnetoelectric effect), of the order of 0.02 , between neighboring spins leading to a net moment in the BFO films. In the bulk, this canting is much greater, around 1.6 , but it orders in a cycloid leading to zero net magnetization. Therefore, locally, a stronger exchange coupling could be expected with bulk BFO, albeit with the absence of long-range ferromagnetic order.
Using a flux technique, we have synthesized high quality BFO single crystals [12] . They are millimetric, highly resistive, and also often electrically and magnetically single domain [4, 13] . The polarization has to lie along the long diagonals of the pseudocubic unit cell, leading to 8 possible ferroelectric domains and 2 possible directions for the domain walls: f110g and f100g. Since the crystals form platelets along the (001) plane, the electric field can only be applied at an angle of 54. 7 from the polarization directions. Thus, after poling, the crystals can never be fully saturated again as 4 domain types with different in-plane projections are equally stable. The majority of the crystals used as substrates for deposition of Permalloy (Py) were ferroelectrically single domain or contained another small minority domain. were deposited in a 200 Oe magnetic field of various directions and then capped with a 3 nm layer of Au. Over ten samples have been measured which show a similar behavior. Most of the results reported in this Letter are from a single BiFeO 3 crystal on which the full set of our measurements has been carried out including crystallographic orientation by four-circle x-ray diffraction, magneto-optical Kerr effect (MOKE) measurements, E-field poling, magneto-optical imaging in applied magnetic and electric fields.
The Py layers deposited on BFO all present two nonequivalent in-plane magnetic directions: an easy and a hard axes oriented at 90 from each other. The angular evolution of the remanent magnetization and the field at which an irreversible jump is observed in the hysteresis loops are plotted in a polar curve on Fig. 1 . Because the switching is obtained when the component of fields along the easy axis exceeds the anisotropy field, its maximum (reaching around 15 mT) corresponds exactly to the hard axis direction, where the remanent magnetization is also zero. Conversely, at 90 , the remanence is 100% and the switching field is lowest, indicating the easy direction. Interestingly, the exchange bias, if any, is always below 0.2 mT. This could be due to the full compensation of the magnetization in the [100] type planes imposed by the cycloid. However, it is known that a bias can arise due to roughness induced uncompensated spins, whose number is often inversely proportional to the size of the AF domains. Alternatively, loose spins could be located in the domain walls themselves. In both cases, a large density of domain walls would be needed to generate a bias. This is consistent with the existence of bias in thin films [6, 7] where domains are small and its absence in crystals, which are almost single domain.
Importantly, in all the samples measured, the easy axis is found to be linked to the crystallographic axes of BFO, irrelevantly of the presence and direction of the magnetic field during deposition. For the sample of Fig. 1 the easy axis is along the [010] direction and the hard axis along [100] . At first sight, this result is surprising because these main cubic directions correspond neither to a projection of the polarization (i.e., the direction of strain), nor to a specific direction for the projection of the local moments. The only magnetic quantity having the right projection is the cycloid propagation vector. We believe that this can be understood considering the exchange coupling with the cycloidal arrangement of the magnetic moments. The local interfacial exchange energy can generally be written in the form E ex ¼ J exSF ðS AF1 þS AF2 Þ where the indices 1 and 2 refer to the two AF sublattices. For a fully compensated AF, this energy averages to zero, but for BiFeO 3 , it amounts to E ex ¼ 1=2J exSFScant whereS cant is the local spin canting from the Fe 3þ moments describing the cycloid, which thus tends to imprint its shape into the ferromagnet. However, because the cycloid periods projected on the (100) plane (62 nm for that alongq 1 and 87 nm for those alongq 2 andq 3 ) are on a length scale comparable to the exchange length (around 15 nm in Permalloy), the ferromagnet is not likely to adopt a cycloidal arrangement. Instead, the exchange coupling should induce a wriggling of the ferromagnetic magnetization along the underlying cycloid (see Fig. 2 ). We argue here that this wriggle is The state in (c) where the magnetization is globally perpendicular toq gives the highest demagnetization energy because the building of (virtual) magnetic charges at the domain borders is maximum, whereas it is negligible in (b).
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responsible for the easy axis measured in the Py/BFO systems. Indeed, exchange energy and interfacial coupling with the cycloid do not depend on the global direction of magnetization while the demagnetizing energy is minimum when M kq and maximum when M?q (see Fig. 2 ). Hence, an easy axis appears along the cycloid propagation vector. It is possible to estimate the angle of the wriggling magnetization needed to explain the measured anisotropy field of about 15 mT by considering the cost in demagnetizing energy when M?q. In that case, the dipolar fields can be calculated when one simplifies the configuration to magnetic ellipsoidal domains at some small angle to one another (see Fig. 2 ). The anisotropy field, which has to overcome the demagnetizing field, is then given by H an ¼ 4t 0 M sinðÞ where is the ripple period, t the ferromagnet thickness, M the magnetization, and the angle of the magnetization wriggle. To induce the observed anisotropy of 15 mT, one gets for a value close to 1.5 . The resulting exchange field is several times larger than that reported for BFO in thin film form [10] , as can be expected from the larger local canting in the crystals.
In order to make a useful device with this phenomenon, one would need to address the magnetization of the ferromagnetic layer with an electric field. This is conceivable since whenP changes, the antiferromagnetic vector in BFO toggles so that the Fe spins remain in the plane containingP and the cycloid propagation vector. Thus, the exchange induced easy axis should change. In order to check this, we have applied a 25 kV=cm electric field on the crystal of Fig. 1 that leads to a multidomain state consisting of a mosaic of ferroelectric domains with domain walls at angles of 45 and 180 between each other, as shown in Fig. 3 . MOKE hysteresis loops were then measured as a function of the angle between the applied field H and BFO [100] through an aperture of 300 Â 150 microns positioned in a region of the crystal where a mosaic of ferroelectric domains separated by domain walls along the [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions appeared after application of the electric field. Two contributions with two different sets of coercivities are visible in the hysteresis cycles (as seen in Fig. 3) . Thus, the change in polarization has generated another domain of magnetic coupling in the Py. We have extracted, from the hysteresis loops at each angle, the coercivity (switching field) and remanence of this new domain by subtracting a contribution proportional to that measured in the initial polarization region. The polar curve shows that the easy and hard axes of this second domain are at 90 from those obtained before applying the electric field. As in the original virgin configuration, no net exchange bias is visible in this multidomain state.
In order to get additional information regarding the topological configuration of the electric and magnetic domains, we have imaged in real time the ferroelectric and ferromagnetic configurations during application of both the electric and magnetic fields (Fig. 4) . The imaging is carried out using a polarizing microscope in reflectivity mode in a configuration close to the 90 -crossed polarizer vs analyzer. Because the Py layer is thin (between 5 and 20 nm), a reasonable amount of light is transmitted through the metal and reflected back by the BFO. Thus, both information concerning the magnetic state of the Py and the ferroelectric state of the BFO are contained in the polarization rotation of the reflected light. However, because of the low thickness of our Py films and the small rotation angles induced by the Kerr effect, it is hard to extract the magnetic information from the overwhelming signal coming from the ferroelectric domains and it is essential to proceed by subtraction of a background image.
In order to check if it is possible to directly address the Py magnetization via the electric field, we have poled the sample while imaging the ferromagnetic domains. We find a clear modification of the magnetic easy axes in the Py following a pattern linked to the topology of ferroelectric domains. This is obviously related to the magnetoelectric effect in the BFO whereby a change of polarization is able to toggle the direction of the antiferromagnetic vector of the BFO [4] . magnetic domains (whose contrast can be inverted by reversing the applied magnetic field). The second set of images (FE2 and MAG2) were taken while sweeping the magnetic field after the sample was poled electrically 5 times. Systematically, the magnetic regions in the Py showing cooperative reversal did not exactly match the polarization domains of the BFO underneath. This can be seen in Fig. 4 where the bottom majority domain in MAG2 has a clear border inside the large BFO ferroelectric domain visible in FE2. This is consistent with a magnetic coupling depending on the topology of the cycloids in BFO, which are not rigidly attached to the polarization, as for any givenP three possible cycloids can exist. Moreover, it is possible to have a common propagation vector [4] where for instance,q 3 is common toP 1 ½111 and P 2 ½À111 domains (oriented at 70. 5 to each other). Thus, the topology of the exchange coupling does not have to correspond exactly to that of the ferroelectric domains. Figure 4 suggests that the toggling of the antiferromagnetic vectors during poling can generate several cycloids in any polarization domain. Conversely, some cycloids also have a common propagation vector between neighboring FE domains, as evidenced by the cooperative behavior of the Py region covering the chevron shaped ferroelectric domains visible in FE2.
To conclude, our measurements show that the exchange coupling between Py layers and BFO crystals result in a uniaxial anisotropy following the cycloids made by the Fe 3þ moments in the BFO. An applied electric field reorients the polarization and thus modifies the easy magnetic axes in the Py. Unfortunately, although the exchange coupling is locally stronger than that with BFO films, it is not able to directly reorient a macroscopic Py magnetization. Since the cycloids in BFO are the key to the coupling, a better control of their direction via the magnetoelectric interaction with the polarization is essential if one wants to electrically address a magnetization with an electric field. This might be possible in a nanostructure with a complete control of the polarization reversal process. (1 and 2) of the crystal. After the first poling (set 1), there is a one to one correspondence between FE and magnetization domains. (FE2) and (MAG2) are similar images obtained after the electric field was swept 5 times. The white magnetic domain, which systematically reverses first, has a border corresponding to a ferroelectric domain wall but another one in the middle of a large polarization domain.
FIG. 4 (color online). Comparison of ferroelectric (FE) and magnetic (MAG) images in two areas
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